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The IceCube Neutrino Observatory was designed primarily to search for high-energy (TeV–PeV)
neutrinos produced in distant astrophysical objects. A search for & 100 TeV neutrinos interacting
inside the instrumented volume has recently provided evidence for an isotropic flux of such neutrinos.
At lower energies, IceCube collects large numbers of neutrinos from the weak decays of mesons in
cosmic-ray air showers. Here we present the results of a search for neutrino interactions inside
IceCube’s instrumented volume between 1 TeV and 1 PeV in 641 days of data taken from 2010–
2012, lowering the energy threshold for neutrinos from the southern sky below 10 TeV for the first
time, far below the threshold of the previous high-energy analysis. Astrophysical neutrinos remain
the dominant component in the southern sky down to a deposited energy of 10 TeV. From these
data we derive new constraints on the diffuse astrophysical neutrino spectrum, Φν = 2.06
+0.4
−0.3 ×
10−18
(
Eν/10
5 GeV
)−2.46±0.12
GeV−1 cm−2 sr−1 s−1 for 25 TeV < Eν < 1.4 PeV, as well as the
strongest upper limit yet on the flux of neutrinos from charmed-meson decay in the atmosphere,
1.52 times the benchmark theoretical prediction used in previous IceCube results at 90% confidence.
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3I. INTRODUCTION
High-energy neutrinos are ideal cosmic messengers,
produced whenever cosmic rays interact with matter or
photons near their as-yet unknown acceleration sites, and
carrying information about the conditions there to Earth
without being deflected by magnetic fields or absorbed
by intervening matter [1–4]. At the same time, neutri-
nos produced in cosmic-ray air showers provide informa-
tion about hadronic physics in kinematic regions that
are difficult to probe with terrestrial accelerators. Here
we present an analysis of the diffuse flux of neutrinos
observed from 2010–2012 via events with vertices con-
tained in the IceCube detector [5] and depositing more
than 1 TeV of energy. We derive new constraints on the
energy spectrum of the previously-observed [6, 7] astro-
physical neutrino flux as well as the maximum contribu-
tion from the decay of charmed mesons in the atmosphere
covering significantly lower energies. This will allow fur-
ther limits on the possible scenarios [8–17] that have been
put forward to explain the observed astrophysical flux.
In the first section, we review the sources of neutri-
nos that can be observed in IceCube, the signatures of
neutrino interactions, and general methods for separat-
ing neutrino events from the extremely large background
of penetrating atmospheric muons. Then, we present
the veto techniques used to isolate a neutrino-dominated
data sample with sensitivity to neutrinos of all flavors
coming from all directions and the analysis technique
that will be applied to the sample to infer the properties
of the underlying neutrino fluxes. Finally, we present
the results of the search and analysis before discussing
the implications of the result and directions for future
searches.
A. Sources of TeV neutrinos at Earth
Neutrinos are an inevitable byproduct of high-energy
hadronic interactions that produce weakly-decaying
mesons. They may be produced either within cosmic-ray-
induced air showers, giving rise to a flux of atmospheric
neutrinos [18–29], or in the vicinity of distant astrophys-
ical accelerators, giving rise to a flux of astrophysical
neutrinos [30–51].
The largest contribution to the atmospheric neutrino
flux comes from 2-body decays of charged pions and
kaons. These decays produce νµ almost exclusively be-
cause of the chiral structure of the weak interaction [52].
IceCube has observed this flux from the northern sky 1
with high statistics [53], and its normalization, angular
1 The “north” and “south” denote halves of the celestial sphere as
observed from the Geographic South Pole rather than terrestrial
hemispheres. The majority of atmospheric neutrinos observed
from the northern sky are produced in air showers that reach
ground level at points in the southern terrestrial hemisphere.
distribution, and spectral shape agree well with theoret-
ical predictions [22]. Because the decays that produce
νµ also produce muons of similar or greater energy, high-
energy atmospheric νµ from the southern sky are often
accompanied by penetrating muons [54]. This is a use-
ful property that can be used to distinguish them from
astrophysical neutrinos, which are never accompanied by
muons.
The flux of TeV atmospheric νe is much smaller, aris-
ing primarily from 3-body decays of K± and K0L [52, 55].
This flux has also been observed in IceCube up to a
few TeV as an excess of events over the predicted rate
from interactions of atmospheric νµ in the more densely-
instrumented DeepCore subarray [56]. In the southern
sky these too are often accompanied by muons, though
the accompanied fraction is smaller because the muons
must come from the decays of other mesons in the air
shower [57].
A third contribution to the atmospheric neutrino flux
observable in IceCube is predicted to come from the de-
cays of heavy, very short-lived mesons containing charm
quarks like the D±. These decay preferentially to 3-body
final states, with nearly equal branching ratios to νµ and
νe [58]. In addition, their prompt decay (on the order
of a picosecond) makes re-interaction extremely unlikely,
so the energy spectrum of neutrinos from charmed me-
son decay follows that of the cosmic rays up to 50 PeV
and is independent of the local density of the atmosphere
at production altitude [52]. This prompt flux has not
yet been conclusively observed in either muons or neutri-
nos, and predictions for the normalization of the prompt
atmospheric neutrino flux vary widely [27, 28], though
more optimistic models [59] have already been excluded
by IceCube measurements [53]. Like neutrinos from light
meson decays, neutrinos from charmed meson decay are
accompanied by muons. For νµ the accompanied fraction
is similar to that in pion and kaon decays. For νe it is
slightly lower, because charmed meson decays are more
likely than kaon decays to produce high-energy neutrinos
in relatively low-energy, muon-poor showers [57].
While the interactions of cosmic-ray nuclei with the
Earth’s atmosphere are the largest source of high-energy
neutrinos, these nuclei must come from some population
of sources. Interactions with matter or radiation fields
in the vicinity of those sources will produce neutrinos.
Diffusive shock acceleration is the most promising mech-
anism for accelerating protons to the energies observed
in the cosmic ray spectrum above the knee; under fairly
general conditions this is expected to produce a flux of
protons with a power-law spectrum at the source similar
to dN/dE ∝ E−2 [1, 2, 4, 60]. When these protons in-
teract with other protons near the source, they produce
charged pions that decay to produce νµ and µ that in
turn decay to produce further νµ and νe. Long-baseline
oscillations will transform this νe : νµ : ντ ratio from
1 : 2 : 0 into approximately 1 : 1 : 1 at Earth [61, 62].
Unless the source environment is very dense, the energy
spectrum of these astrophysical neutrinos follows that of
4the progenitor protons (∼ E−2), so their flux exceeds
that of the atmospheric neutrinos at sufficiently high en-
ergies. Unlike atmospheric neutrinos, astrophysical neu-
trinos always arrive without accompanying muons.
B. Neutrino detection in IceCube
The IceCube detector [5, 63] can detect neutrinos of all
flavors by observing the Cherenkov photons induced by
the charged end products of charged- or neutral-current
deep-inelastic neutrino-nucleon scattering in the ice. The
signatures of these interactions fall into two broad cate-
gories: “tracks,” due to charged-current (CC) νµ scatter-
ing and “cascades,” due to CC interactions of νe as well
as neutral-current (NC) interactions of all flavors 2. De-
tections of these event signatures and reconstruction of
their properties may be used to infer the angular, energy,
and flavor distribution of an observed neutrino flux.
Roughly 1/3 of neutrino interactions at a given energy
will be neutral-current scatterings, where the neutrino
transfers on average ∼ 1/3 of its kinetic energy to a quark
in the target nucleus [65], producing a short (∼ 5 m)
shower of relativistic charged particles. If the neutrino
vertex is inside or sufficiently close to the instrumented
volume, the Cherenkov radiation they induce may be de-
tected and used to reconstruct the vertex position and
deposited energy, and to some degree the direction. The
remaining 2/3 of interactions are charged-current scat-
terings that produce a charged lepton of the same flavor
as the incident neutrino in addition to a hadronic shower.
While nearly all of the neutrino’s energy is converted to
relativistic charged particles, the accuracy with which the
direction and energy of the incident neutrino may be re-
constructed depends strongly on the lepton flavor. Elec-
trons induce short electromagnetic showers whose energy
can be reconstructed to within 10% above 10 TeV if fully
inside the instrumented volume [64]. The direction of the
shower may also be inferred by matching the spatial and
temporal pattern of detected photons to a template of
its angular emission profile, though the short scattering
length of the glacial ice at the South Pole limits the angu-
lar resolution to ∼ 10◦ even above 100 TeV [64]. Muons
lose energy much less quickly, and so can traverse kilo-
meters of ice. While this makes it possible to positively
identify νµ CC interactions and reconstruct their direc-
tion to within 1◦ [53, 66], it is more difficult to infer the
initial neutrino energy when only a segment of the muon
track can be observed.
2 While CC ντ interactions also produce a τ track, the brief life-
time of the τ makes it too short to be observable on the scale of
IceCube below a few tens of PeV [64]. Also, if a CC νµ interac-
tion occurs inside the instrumented volume, it will appear more
track-like or more cascade-like depending on inelasticity of the
interaction and the path of the outgoing muon.
The background to neutrino searches comes from at-
mospheric muons that penetrate the 1.5 km of ice over-
burden; they outnumber neutrino interactions by a factor
of ∼ 106. The traditional method of separating neutrino
events from the penetrating muon background is to select
only events where a muon comes from below the horizon,
where the bulk of the Earth completely absorbs atmo-
spheric muons. While this makes the effective volume
of the detector much larger than its geometrical volume,
the method is only sensitive to CC νµ interactions and
cannot be extended much more than ∼ 5◦ above the ge-
ometric horizon before penetrating muons begin to over-
whelm neutrino-induced ones. An alternative approach
is to select events that start inside the instrumented vol-
ume: neutrinos are completely invisible, whereas incom-
ing muons induce Cherenkov photons that should be de-
tected as the muon enters the fiducial volume. Such a
veto-based event selection can be sensitive to neutrinos
of all flavors from all directions, though it must sacrifice
some effective volume to implement the veto. Since a
muon veto also rejects down-going atmospheric neutri-
nos that are accompanied by muons, a veto-based event
selection also enjoys a smaller atmospheric neutrino back-
ground than the traditional up-going neutrino selection
[54], as illustrated in Fig. 1.
II. EVENT SELECTION
Active vetoes have been used in IceCube to isolate neu-
trino interactions inside the instrumented volume of the
detector before. The method has been used effectively
in the DeepCore subarray [56] and in the full detector
above 100 TeV [6, 7]3. However, it has not been explored
in the region between 10 and 100 TeV, where neutrinos
from charmed meson decay in the atmosphere should be
observable. Extending veto methods to this intermediate
energy range without sacrificing sensitivity to all neutrino
flavors or to neutrinos from the southern sky requires
new techniques. Figure 2 illustrates the effects of the
three stages of the event selection that will be described
in this section: a pre-selection cut to reduce the data rate
to a manageable level, veto cuts to remove events with
signs of incoming muons, and a fiducial volume cut to
remove events where incoming muons cannot be vetoed
with sufficiently high probability.
A. Data collection and pre-selection
The IceCube detector [5, 63] consists of 5160 Digital
Optical Modules (DOMs) buried in the glacial ice at the
3 Veto methods were also used in previous searches for cascade
events in AMANDA and IceCube [67–70], but were not the pri-
mary method of background rejection.
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FIG. 1. Fluxes of vertically-downgoing muons and neutrinos
detectable in IceCube. The upper line shows the flux of pen-
etrating, single atmospheric muons at the depth of IceCube,
while the remaining lines show neutrino fluxes multiplied by
the probability that a neutrino of the given energy would in-
teract in 1 km of glacial ice. The dotted lines show the total
interacting flux of atmospheric neutrinos of all flavors [19, 28],
while the corresponding solid lines show the interacting flux
that arrives at the depth of IceCube without accompanying
muons above 1 TeV [57]. Accompanying muons suppress the
effective νµ flux from pi and K decay below the level of the
effective νe flux from K decay at 50 TeV, producing a kink
in the spectrum. The E−2 astrophysical neutrino flux, shown
here with the normalization of [7], always arrives without ac-
companying muons.
South Pole, instrumenting a total volume of approxi-
mately 1 km3. The DOMs are attached to cables that
provide power and communication with the data acqui-
sition system on the surface of the glacier. Each of these
“strings” hosts 60 DOMs; 78 of the strings are spaced
125 m apart on a hexagonal grid with DOMs placed ev-
ery 17 m from 1450 to 2450 m below the surface, while
the remaining 8 strings form the DeepCore in-fill array
[63]. These in-fill strings are 30–60 m from the nearest
string with 50 DOMs placed every 7 m between 2100
and 2450 m below the surface, where the glacial ice is
most transparent, and 10 DOMs placed every 10 m be-
tween 1750 and 1850 m below the surface. The data that
will be presented in Sec. IV were taken with the nearly-
complete 79-string detector configuration from May 2010
to May 2011 and the first year of the complete 86-string
detector from May 2011 to May 2012.
Each DOM consists of a 25 cm diameter photomul-
tiplier tube (PMT) [71], power supply, and digitization
electronics housed in a borosilicate glass pressure sphere.
The PMT signal is digitized and stored for transmission
to the surface whenever the PMT output current exceeds
1/4 of the mean peak current of the pulse amplified from
a single photo-electron (PE); if a neighboring or next-
to-neighboring DOM on the same string also triggers
within 1 µs (local coincidence) the readout extends for
6.4 µs, otherwise the readout only includes a 75 ns win-
dow around the peak current in the first 400 ns after the
local trigger. The digitized waveforms are transmitted to
the surface, where they are assembled into events by a
software trigger [5, 72].
The arrival times of individual photons and photon
bunches are reconstructed by deconvolving the charac-
teristic single-PE pulse shape from the digitized wave-
forms [64], and the resulting times and photon counts
are used to reconstruct the vertices, directions, and en-
ergies [64, 66] of the relativistic charged particles that
induced the detected Cherenkov photons.
The first stage of the event selection is done at the
South Pole to reduce the data rate enough for transmis-
sion over a satellite link; the resulting sample, shown in
the left panel of Fig. 2, includes ∼ 1% of all trigger-
ing events. While this selection retains the majority of
triggering neutrino events, they are still out-numbered
10,000 to 1 by penetrating muons. The remaining selec-
tion steps remove this background, leaving a nearly-pure
sample of neutrino events.
B. Veto
This selection targets interactions of isolated neutrinos
that occur inside the instrumented volume, producing a
cascade at the neutrino vertex as well as an out-going
track in the case of CC νµ. These can be distinguished
from incoming muons (and atmospheric neutrinos accom-
panied by muons) by photons detected before the puta-
tive neutrino vertex. The simplest approach is the one
employed in [6], where the outermost layer of PMTs is
used as an active veto. The event is rejected if photons
are detected on the outermost layer before the estimated
vertex time. Spurious vetoes due to detector noise are
mitigated by requiring that the photons are detected in
local coincidence [5] at times that are causally compatible
with the estimated vertex. For very bright events with
thousands of detected photons, this single cut is suffi-
cient to suppress the muon background below the level
of atmospheric neutrinos (Fig. 2, center panel).
As the energy threshold is lowered, the number of back-
ground muons increases rapidly, while their average en-
ergy loss rate decreases, a combination that overwhelms
the ability of the single layer to reject incoming muons.
In order to extend the selection to lower energies, a sec-
ond kind of veto, similar to those employed in [56, 73], is
required. The first modification is to remove the require-
ments that veto photons be detected on the outermost
layer of PMTs and in local coincidence. This allows iso-
lated photon detections anywhere in the instrumented
volume to veto an incoming track, which lowers the en-
ergy threshold but also loses signal events to spurious
vetoes caused by noise. In order to mitigate the signal
6101 102 103 104
Number of collected photons
100
101
102
103
104
105
106
107
108
109
E
v
en
ts
p
er
y
ea
r
Atmos. neutrinos
Penetrating
muons
Pre-selection
101 102 103 104
Number of collected photons
100
101
102
103
104
105
106
107
108
109
µ
ν
Passed veto
101 102 103 104
Number of collected photons
100
101
102
103
104
105
106
107
108
109
ν
Vertex in fiducial volume
FIG. 2. Distribution of photon counts per event after each stage of the event selection. The total number of collected
photons is on average proportional to the total deposited energy; for example, 103 photons correspond to roughly 10 TeV
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loss, a second modification is required: photons are only
considered for veto if they are detected at a time and
position consistent with an incoming track but inconsis-
tent with the reconstructed cascade vertex, as shown in
Fig. 3a.
The most resilient background comes from single
muons with a single disproportionately large stochastic
energy loss. Such events can be completely dominated
by the photons induced by the largest energy loss, caus-
ing track reconstruction algorithms that assume uniform
light emission to fail to find the correct direction. The
position and time of the vertex can, however, be recon-
structed reliably regardless of the presence of a muon
track. In order to ensure that veto photons will be found,
the search is repeated for each of 104 different down-going
track hypotheses4 that pass through the reconstructed
vertex. The track hypothesis with the largest number of
associated veto photons is considered the best. A photon
is associated with an incoming track if it is detected
• at least 50 ns before the earliest possible time for
a photon induced at the previously reconstructed
vertex,
• between 15 ns before and 1000 ns after the earliest
possible time for a photon induced by the hypo-
thetical muon,
• and no more than 100 m from the hypothetical
muon trajectory.
The event is rejected if the best track has more than two
associated photons.
4 The directions are chosen from the upper hemisphere of a
HEALpix [74] grid.
C. Fiducial volume scaling
Since the effectiveness of the track-based veto is pro-
portional to the probability of detecting at least 2 pho-
tons from an incoming muon before the reconstructed
vertex, it increases in proportion to the number of de-
tectable photons the muon induces and the number of
PMTs it passes on its way to the vertex as shown in
Fig. 4. This relationship can be exploited to maintain
sufficient penetrating muon rejection at low energies by
requiring a minimum distance between the reconstructed
vertex and the edges of the instrumented volume that in-
creases as the number of collected photons decreases as
shown in Fig. 5. At the lowest photon counts the fiducial
volume is reduced to the DeepCore subarray with the re-
mainder of the detector used as a veto; as the photon
count increases the veto reduces to the outermost layer
of PMTs as in [6]. This selection creates the neutrino-
dominated sample shown in the right panel of Figure 2.
Tables of the effective area of this selection as a function
of incident neutrino energy and zenith angle are provided
in the online supplemental materials for this article.
III. ANALYSIS METHOD
The events that pass the selection defined above arise
from four sources: conventional atmospheric neutrinos,
prompt atmospheric neutrinos, penetrating atmospheric
muons, and high-energy extraterrestrial neutrinos. Each
of these components produces a distinct distribution in
the observables chosen for this analysis: reconstructed
deposited energy, reconstructed zenith angle, and the
presence or absence of a detectable outgoing muon track.
We disentangle the contributions of each of these com-
ponents by fitting a model of their observable distribu-
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(a) Penetrating muon before its largest
energy loss. The dashed grey lines mark the
positions at which photons induced by a
muon would be detected with minimal and
maximal delay. The photon that falls inside
this window is counted towards the veto
total, while the random noise photon that
falls outside the window is not.
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(b) Penetrating muon after its largest energy
loss. The dashed circle marks the positions
where photons propagating from the vertex
at the speed of light in ice would be detected
with minimal delay. Here the photon is not
counted towards the veto since it is detected
at a time compatible with propagation from
the reconstructed vertex.
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(c) Neutrino-induced muon. Photons
induced at the cascade vertex spread
outwards at the speed of light in ice, while
the muon moves at the speed of light in
vacuum. Eventually the muon out-runs the
light front from the cascade, and photons
collected in the track detection window can
be used to positively identify an out-going
muon in the event.
FIG. 3. An illustration of the incoming-muon veto procedure described in Sec. II B. Each panel shows a snapshot in time with
the current position of the muon marked by the blue arrowhead and the position of the reconstructed vertex marked by a green
star. (a) shows a penetrating muon before its largest energy loss with a photon detection that counts towards the veto, while
(b) shows the same configuration after the largest energy loss with an ambiguous photon detection that does not count towards
the veto. (c) shows how the technique can be inverted to detect starting tracks.
tions predicted from Monte Carlo simulation to the ob-
served data. In this section we define the observables
and discuss their expected distributions for each compo-
nent. Then, we present the likelihood fitting technique
and the method for determining statistical errors on the
fit parameters.
The deposited energy is reconstructed by fitting the
observed spatial and temporal distribution of detected
photons to a template derived from simulations of single,
point-like electromagnetic cascades as described in [64].
This electromagnetic-equivalent energy can be resolved
to within 10% (68% C.L.) and is a proxy for the neu-
trino energy; for CC νe it is a nearly unbiased estimator
of the neutrino energy [75], while for all other interac-
tion types it is on average proportional to the neutrino
energy. Since the template depends on the orientation
of the cascade with respect to the DOM, the same tech-
nique yields a direction as well, with a typical zenith an-
gle resolution of 15◦(68% C.L.) in the sample presented
here. Outgoing muon tracks are identified by inverting
the incoming-track veto of Sec. II B as shown in Fig. 3c
and classifying events with more than 10 photons in the
detection window of an outgoing track as track-like. 35%
(60%) of CC νµ events from the conventional atmospheric
(E−2 astrophysical) spectrum satisfy this criterion; in
the remaining events, the outgoing muon escapes the
instrumented volume without being detected, and the
event is mis-classified as a cascade. The reverse case is
much rarer: 0.001% (3%) of NC νµ events from the con-
ventional atmospheric (E−2 astrophysical) spectrum are
mis-classified as tracks. For track-like events the zenith
angle is taken from the best-fit outgoing track, as the
large displacement of the associated photons from the
neutrino interaction vertex provides a better constraint
than the initial cascade. Explicitly retaining these track-
like events, rather than rejecting them with cuts designed
to select cascade events, provides a built-in control sam-
ple that we use to check our understanding of the selec-
tion’s neutrino acceptance.
Conventional atmospheric neutrinos are produced in
the decays of charged pions and charged and neutral
kaons in the atmosphere. Since these mesons are rela-
tively long-lived, they are more likely to re-interact and
lose energy than to decay to produce neutrinos. This
competition affects both the deposited energy and the
zenith angle distributions. The neutrino energy spec-
trum above 1 TeV is one power in energy steeper than
that of the input cosmic ray spectrum, causing the de-
posited energy distribution to peak at low energies. The
flux is largest at the horizon where the average density
of the atmosphere along the air shower axis is smallest
[55], causing the reconstructed zenith angle distribution
to peak at the horizon as well. In the southern sky these
effects are further enhanced by accompanying muons pro-
duced in the same air shower: they trigger the veto,
removing high-energy, down-going atmospheric neutrino
events from the sample [54]. The veto removes νµ more
efficiently than νe, reducing the observable conventional
atmospheric neutrino flux to the sub-dominant νe compo-
nent at sufficiently high energies and small zenith angles.
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FIG. 4. Fraction of pre-selected penetrating muon back-
ground events (Sec. II A) that pass the veto conditions
(Sec. II B), derived from MC simulation. The outer-layer veto
reduces the rate of the highest-energy muons by 104, but de-
grades rapidly at lower energies. The incoming-track veto
scales in a similar way with respect to energy, but is more
sensitive because it considers isolated photon detections. In
contrast to the outer-layer veto, its efficiency also improves
with increasing distance d from the detector border of the
reconstructed vertex.
In this analysis, the flux model for conventional atmo-
spheric neutrinos is taken from a parametrization of the
calculation of [19], corrected to account for the cosmic
ray flux of [76] as described in [53] and for the fraction of
atmospheric neutrinos that are vetoed [57] by accompa-
nying muons. These fluxes are shown in the upper two
panels of Fig. 6.
Atmospheric neutrinos produced in the decays of
charmed mesons behave differently. The lifetimes of
charmed mesons are extremely short, so they nearly al-
ways decay promptly before re-interacting, producing an
isotropic neutrino flux with nearly the same spectral in-
dex as that of the primary cosmic rays. Since neutrinos
with accompanying muons are vetoed in the event selec-
tion, the observable flux is depleted in the southern sky.
The overall suppression is weaker than for conventional
atmospheric neutrinos because of the larger fraction of
νe. The flux model for prompt atmospheric neutrinos is
taken from a parameterization of the calculation of [28]
with corrections for the cosmic ray flux and veto passing
fraction. These fluxes are shown in the lower two panels
of Fig. 6.
The events that pass the final selection include a small
but nearly irreducible background of penetrating atmo-
spheric muons that go undetected before depositing a
large fraction of their energy in the glacial ice in a sin-
gle, catastrophic loss. These events come exclusively
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different photon counts. Top: Overhead view, showing the
positions of the IceCube strings and the boundaries of the
fiducial volume for events with a given total photon count.
Bottom: Side view, showing the modules along strings.
from the southern sky because muons cannot penetrate
the bulk of the Earth, and are sharply peaked at the
deposited-energy threshold of the selection because the
veto removes muons with increasing efficiency at higher
energies. The flux model for penetrating atmospheric
muons is taken from a parametrization of corsika [77]
air-shower simulations with the cosmic ray flux parame-
terization of [76], using the sum of muons from the de-
cays of light hadrons predicted in sibyll [78] and from
the decays of charmed hadrons predicted in dpmjet [79]
to obtain an upper bound on the underground flux of
single muons. This combined model predicts a total of
14 penetrating muon events in the sample.
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FIG. 6. Atmospheric neutrino flux models used in this analysis. The dotted lines in each panel show the neutrino fluxes at
Earth’s surface as a function of true zenith angle at 1, 10, and 100 TeV. The conventional fluxes are taken from [19] and the
prompt flux from [28]; both were corrected to account for the cosmic ray flux of [76]. The solid lines show the fluxes of νµ and
νe that can be observed as isolated neutrino interactions in IceCube. The observable fluxes are suppressed in the northern sky
(cos θ ≤ 0.2, to the left of the vertical dashed line) by absorption in the Earth, especially in its much denser core (cos θ < −0.8)
[65], and in the southern sky (cos θ > 0.2, to the right of the line) by self-veto by accompanying muons [57]. Astrophysical
neutrinos are absorbed in the Earth as well, but are never accompanied by muons.
Overlaid on these atmospheric components is a flux
of high-energy neutrinos of astrophysical origin. Their
energy distribution is harder than those of any of the
other sources of neutrinos, and we found that they are
the dominant source of events with more than 100 TeV
deposited energy [6, 7]. The Earth absorbs a significant
fraction of upward-going neutrinos above 100 TeV [65],
so the highest-energy of these are concentrated around
the horizon and in the southern sky. Since the sources of
these neutrinos are unknown, the shape of their energy
and angular distribution cannot be predicted exactly, and
given the limited number of neutrino events that can be
detected, only very simple models can be tested. Neu-
trinos associated with the extragalactic sources of the
highest-energy cosmic rays are assumed to be isotropi-
cally distributed and follow a power law energy distribu-
tion of approximately E−2 [60] and arrive at the Earth
as equal parts νe, νµ, and ντ due to oscillations [62]. We
parameterize the diffuse astrophysical neutrino flux as
Φastro = Φ0
(
E
E0
)−γ
, (1)
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where Φ0 is the ν+ν flux for each flavor at E0 = 10
5 GeV
in units of GeV−1 cm−2 sr−1 s−1 and γ is the spectral in-
dex5. More generally, γ can be allowed to vary to account
for the spectra expected from specific classes of sources,
for example TeV photon emission from active galactic nu-
clei (2.2 . γ . 2.6) [4] or interactions of cosmic rays with
dense gas clouds while magnetically confined in starburst
galaxies 2.0 . γ . 2.25) [46].
Figure 7 shows the average deposited energy distri-
butions expected from the northern and southern skies
from the sources of neutrinos presented above. For the
purposes of this analysis the southern sky extends only
to 80◦ instead of the geometric horizon, since the ∼ 10
kilometers water-equivalent of overburden at this zenith
angle are already sufficient to remove the vast majority
of atmospheric muons that would otherwise veto atmo-
spheric neutrino events (see Fig. 6). Conventional atmo-
spheric neutrinos are concentrated at deposited energies
of a few TeV and in the northern sky around the geo-
metric horizon; the smaller contribution above the hori-
zon in the southern sky is further suppressed by vetoing
muons (see Fig. 6). Since conventional atmospheric neu-
trinos have the largest fraction of νµ, they represent the
largest contribution to the track-like portion of the data
sample. The fraction of events in the track sample pro-
vides another constraint on the conventional atmospheric
flux in addition to the deposited-energy and zenith dis-
tributions. The astrophysical component, shown as an
isotropic flux with a normalization at the best fit of [7],
dominates above 100 TeV in the northern and 30 TeV in
the southern sky. The prompt atmospheric component,
shown with a normalization at the previously-published
upper limit of 3.8 [53], never provides a dominant con-
tribution to the observed event rate. Instead, a large
prompt component appears as an excess over the con-
ventional atmospheric and astrophysical components in
the northern sky in the 30–60 TeV region that is not
matched in the southern sky. While the exact cross-over
energies depend on the normalization and spectral index
of the astrophysical component, the ordering of the en-
ergy ranges where each component can be constrained is
generic.
The parameters of the model that best fit the observed
data are determined through a binned likelihood fit. In
this procedure, the data sample is binned in the three ob-
servables: reconstructed deposited energy, reconstructed
zenith angle, and presence of a detectable outgoing track.
The observed count ni in each bin i is compared to a
model that predicts the mean count rate λi in each bin
through a Poisson likelihood function
L =
∏
bins i
e−λiλnii
ni!
. (2)
5 Equivalently, E2Φastro = Φ0 × (1010 GeV2)×
(
E
E0
)2−γ
The mean rates λi are computed by applying the event
selection to simulated data and binning the observables of
the surviving events in the same way as the experimental
data, weighted according to the set of flux models under
consideration. This convolves the flux model with the
detector response to obtain observable distributions, a
procedure known as forward folding. The model is fit to
the data by varying its parameters until (2) is maximized.
The 68% confidence ranges on each model parameter
are obtained from a likelihood-ratio test. To test whether
a value of one parameter can be rejected at the desired
confidence level, the parameter is constrained to that
value while all other parameters are varied to maximize
the conditional likelihood. The ratio between this con-
ditional likelihood maximum and the global maximum is
the profile likelihood. It can be used to construct a test
statistic
− 2∆ lnL = −2(lnL− lnLmax) (3)
whose distribution approaches that of a χ2 with 1 degree
of freedom in the large-sample limit [80]. If −2∆ lnL >
1 (2.71), then the tested value of the model parameter is
rejected at more than 68% (90%) confidence 6 .
IV. RESULTS
283 cascade and 105 track events passed the final se-
lection criteria in 641 days of data-taking. Of those 388
events, 106 deposited more than 10 TeV at the cascade
vertex, and 9 deposited more than 100 TeV. At high en-
ergies the selection overlaps nearly completely with the
selection of [6]: 7 of the 9 events depositing more than
100 TeV were also in the previous selection.
The likelihood-fit approach described above was used
to determine the fluxes of neutrinos and muons compat-
ible with the observed events. In the first fit, the nor-
malizations of the penetrating atmospheric muon com-
ponent, the conventional and prompt atmospheric neu-
trino components, as well as the per-flavor normalization
Φ0 and spectral index γ of the astrophysical component
were allowed to vary freely, resulting in the best-fit pa-
rameters shown in Tab. I. Figure 8 shows the deposited
energy spectra corresponding to the best-fit model pa-
rameters. Figure 9 shows the zenith angle distributions
of the sample with different energy thresholds.
This simple model does not describe the data per-
fectly. There is a notable departure in the southern sky
around 30 TeV. However, the excess is not statistically
6 The test statistic does not necessarily follow a χ2 distribution
when the sample size is finite or a parameter is close to a bound.
In such cases the exact confidence level can be derived numer-
ically from Monte Carlo trials. In this analysis, however, the
exact confidence intervals were found to be only slightly smaller
than intervals derived from the χ2 approximation.
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FIG. 7. Average deposited-energy spectra expected from the various sources of neutrinos in this analysis from the southern
and northern skies. The conventional atmospheric component corresponds to the calculation of [19], with corrections for the
knee of the cosmic-ray spectrum and the fraction vetoed by accompanying muons, while the prompt component corresponds
to the calculation of [28] with similar corrections, but with the normalization taken from the previously-published upper limit
of 3.8 [53]. The astrophysical component corresponds to Eq. (1) with Φ0 = 10
−18 GeV−1 cm−2 sr−1 s−1 and γ = 2.
TABLE I. Best fit parameters and number of events at-
tributable to each component. The normalizations of the
atmospheric fluxes are relative to the models described in
Sec. III. The per-flavor normalization Φ0 and spectral index
γ of the astrophysical flux are defined in Eq. (1); the fit to
the astrophysical flux is sensitive to 25 TeV < Eν < 1.4 PeV.
The two-sided error ranges given are 68% confidence regions
in the χ2 approximation; upper limits are at 90% confidence.
The goodness-of-fit p-value for this model is 0.2.
Parameter Best-fit value No. of events
Penetrating µ flux 1.73± 0.40 Φsibyll+dpmjet 30± 7
Conventional ν flux 0.97+0.10−0.03 ΦHKKMS 280
+28
−8
Prompt ν flux < 1.52 ΦERS (90% CL) < 23
Astrophysical Φ0 2.06
+0.35
−0.26 × 10−18
87+14−10GeV
−1 cm−2 sr−1 s−1
Astrophysical γ 2.46± 0.12
significant; correlated fluctuations of the observed size or
greater are expected from a smooth underlying power-
law spectrum in 5% of experiments. The events in the
energy and zenith region of the excess are overwhelm-
ingly cascade-like and display no signs of early hits from
penetrating atmospheric muons. Their rate far exceeds
that expected from penetrating muon background and
conventional atmospheric neutrinos (∼ 1 event per year),
and their distribution in time and within the fiducial vol-
ume is compatible with a uniform one. Known sources of
systematic uncertainty in the neutrino acceptance of the
detector, like the optical properties of the glacial ice or
the optical efficiency of the DOM, are unable to create
structure in the observed energy distribution. At present,
we interpret this as a statistical fluctuation. We expect
that future searches using more years of data will help
constrain the cause of the excess, either by reducing its
significance or by strengthening it enough that definitive
statistical statements can be made.
The spectral index of 2.46 needed to explain the low-
energy data has implications for the underlying neutrino
production mechanism. As pointed out in [81], pp in-
teractions produce neutrinos and γ-rays that follow the
same scale-free power-law spectrum, and the γ spectra
from pp interactions at ∼GeV energies can be extrapo-
lated to the TeV range where IceCube observes neutri-
nos. This extrapolation argument does not apply to pγ
interactions. If the diffuse extragalactic γ background
measured by Fermi-LAT is due to extragalactic pp inter-
actions in optically thin regions, then the spectral index
of the associated neutrino spectrum must be smaller than
2.2. [81]. The data presented here indicate that the neu-
trino spectrum is softer than E−2.2 with 90% confidence
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FIG. 8. Deposited energy spectra from the northern and southern skies (points) with the best-fit combination of atmospheric
and astrophysical contributions from Table I. Below 3 TeV, the events observed from the northern sky are adequately explained
by conventional atmospheric neutrinos. In the same energy range in the southern sky, penetrating atmospheric muons account
for the remaining events. Above 10 TeV, an extra component is required to account for the observed high-energy events,
especially those in the southern sky. Since atmospheric neutrinos of any kind are often vetoed by accompanying muons, the
excess is best explained by astrophysical neutrinos. We interpret the excess over the best-fit sum around 30 TeV as a statistical
fluctuation.
(see Fig. 11a), implying that one of these assumptions is
violated.
All of the parameters in Tab. I are correlated except
for the conventional atmospheric neutrino flux normaliza-
tion. The latter is determined mostly by the northern-sky
data below 10 TeV deposited energy, where the contribu-
tions of the other components are negligible, and is com-
patible with the expected normalization [19] to within
statistical errors, providing a useful check of the neu-
trino acceptance calculated from simulation. Similarly,
the low-energy component provides a verification of the
atmospheric neutrino veto independent of the observed
astrophysical excess, as shown in Fig. 10. The prompt
atmospheric neutrino flux, on the other hand, can pro-
vide a significant contribution to the overall event rate
between 10 and 100 TeV deposited energy, but has no
region where it contributes exclusively. Its inferred nor-
malization depends on assumptions about the astrophys-
ical neutrino flux. The correlations between the astro-
physical and prompt atmospheric components are shown
in Fig. 11. Since the power-law index of the astrophysi-
cal flux is constrained primarily by the large number of
events below the pivot point at 100 TeV, the normal-
ization and index are correlated. Similarly, the prompt
normalization is correlated with the astrophysical index;
as the index is forced to smaller values, a larger prompt
flux is required to explain the data between 10 and 100
TeV deposited energy. The normalization of the pen-
etrating muon component is constrained by the excess
of southern-sky data over the conventional atmospheric
neutrino expectation below a few TeV, and is weakly cor-
related with it (not shown).
These correlations would not be problematic if the
model of the astrophysical flux were exact, but since its
sources are not known, any single model will necessar-
ily be an approximation. It is useful to examine how
assumptions about astrophysical models affect the up-
per limit on the prompt atmospheric flux normalization.
The first assumption made is that the astrophysical flux
must follow a single power-law energy distribution. This
assumption can be relaxed by describing the astrophys-
ical neutrino flux with a piecewise constant function of
neutrino energy as shown in Fig. 12. The observed ex-
cess in the deposited energy spectrum is reflected in a
corresponding excess in the neutrino energy spectrum,
and the additional freedom granted to the astrophysical
component weakens the 90% upper limit on the prompt
atmospheric flux from 1.52 to 1.75 times the prediction of
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[28]. This remaining limit is driven primarily by the as-
sumption that the astrophysical neutrino flux is isotropic.
If this assumption is weakened by allowing the astrophys-
ical fluxes that contribute to the northern- and southern-
sky data to vary independently, the limit relaxes further
to 3.69. While this limit is not meaningfully smaller than
the previously published limit of 3.8 [53], it involves many
fewer assumptions about the nature of the astrophysical
neutrino background.
V. CONCLUSION
In the analysis presented here, we used a veto-based
technique to isolate 388 events starting in the IceCube
instrumented volume and depositing more than 1 TeV
from 641 days of data, of which 92% were neutrino events.
Astrophysical neutrino candidates were observed in the
southern sky with energies as low as 10 TeV, far below
the threshold of the previous high-energy starting event
analysis [6, 7] and in a region inaccessible to the tradi-
tional up-going track analysis [53]. We characterized the
contributions of penetrating atmospheric muons, conven-
tional and prompt atmospheric neutrinos, and astrophys-
ical neutrinos to the data sample using a likelihood fit to
the distributions of deposited energy and zenith angle for
cascade and starting-track events.
The analysis yielded new information about the behav-
ior of the neutrino spectrum between 10 and 100 TeV. If
the energy spectrum of the astrophysical neutrinos is a
single power law, then it must have a spectral index of
2.46±0.12, softer than the typical E−2 benchmark spec-
trum. The γ = 2 hypothesis can be rejected with 99%
confidence under this assumption. The new constraint on
the spectral index is due primarily to the lower deposited-
energy threshold of this analysis. If the deposited-energy
threshold is raised to 60 TeV (corresponding to sensi-
tivity for Eν > 100 TeV), then the best-fit spectral in-
dex hardens to 2.26± 0.35, compatible with the previous
high-energy result [7]. The statistically insignificant ex-
cess that appeared in the down-going data near 30 TeV, a
region where atmospheric leptons are heavily suppressed,
had only a minor influence on the inferred spectral index
of the astrophysical neutrinos. If we force the spectral
index to γ = 2, then the per-flavor normalization Φ0 (cf.
Eq. (1)) drops to 1.22±0.5×10−18 GeV−1 cm−2 sr−1 s−1,
consistent with the previously published 90% C.L. upper
limit of 1.44 derived from northern-sky νµ events [53].
At the same time, we searched for atmospheric neutrinos
from charmed meson decay. No such component was ob-
served, and we placed upper limits on their flux. These
limits depend strongly on assumptions about the astro-
physical neutrino background, and range from 1.52 times
the prediction from perturbative QCD [28] at 90% confi-
dence when the astrophysical flux is assumed to follow a
single isotropic power-law distribution to 3.69 times the
prediction when it is described with a piecewise constant
function of energy and zenith angle.
The constraints on the astrophysical flux are currently
limited by the small number of observed high-energy
events, making it difficult to draw strong inferences about
the classes of cosmic-ray accelerators from the character-
istics of the associated neutrino spectrum. Beyond as-
trophysical considerations, the inability to model the as-
trophysical flux precisely and reliably extrapolate its an-
gular and energy distribution to lower energies impedes
any attempt to measure the level of charmed-meson pro-
duction in air showers via high-energy neutrinos. Both
of these problems may be approached with more and dif-
ferent data. IceCube will continue to collect data, and
future iterations of this analysis will be able to use at least
twice as many high-energy neutrino events to constrain
the energy spectrum and eventually possible anisotropies
of the astrophysical neutrino flux. In addition to better
modeling of the astrophysical background, sensitivity to
charmed meson production in the atmosphere will be im-
proved by analyzing penetrating muon events jointly with
neutrino events. These are produced in the same decays
as prompt muon neutrinos, but have no astrophysical
background to contend with.
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FIG. 9. Zenith angle distribution of events depositing more
than 1, 25, and 100 TeV (points) with the best-fit combination
of atmospheric and astrophysical contributions from Table I,
using the same color scheme as in Fig. 8. At the lowest en-
ergies the sample is concentrated at the horizon, as expected
from conventional atmospheric neutrinos. The astrophysical
component contributes significantly to the sample above 25
TeV, and the bulk of the sample is down-going. By 100 TeV
only the astrophysical component remains, and the up-going
flux is suppressed by absorption in the Earth.
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FIG. 10. Verification of atmospheric neutrino veto with low-
energy data. The points show events depositing less than 3
TeV, while the stacked histograms show the expected contri-
butions from conventional atmospheric neutrinos, penetrating
muons, and the negligible contribution of astrophysical neu-
trinos, using the color scheme of Fig. 8. These match the
observed data much better than the the dotted line, which
shows the number of events that would be collected if atmo-
spheric neutrinos were never vetoed by accompanying muons.
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(a) Likelihood profile in astrophysical power-law index γ and
per-flavor normalization Φ0/10−18 GeV−1 cm−2 sr−1 s−1. E−2.5
is strongly favored over E−2.
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(b) Likelihood profile in astrophysical power-law index γ and
prompt atmospheric neutrino flux normalization [28].
FIG. 11. Profile likelihood scans showing the correlation
between the astrophysical power-law index and the normal-
izations of the astrophysical and prompt atmospheric com-
ponents. In each plot, the colors show the test statistic (3),
obtained by fixing the parameters shown on the axes and vary-
ing all others to obtain the conditional best fit. The x shows
the best-fit point as in Tab. I and the contours show confi-
dence regions in the χ2 approximation [80] with 2 degrees of
freedom. The thin dotted line shows the conditional best fit
for each value of γ.
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FIG. 12. Unfolding the non-atmospheric excess as piecewise-
constant per-flavor fluxes E2Φ. The horizontal error bars
show the range of primary neutrino energies that contribute to
each bin, while the vertical error bars show the range of E2Φ
that change the −2∆ lnL test statistic by less than 1. The
black points show the fit to the data sample presented here;
the light grey data points are from the 3-year data sample of
[7], shifted slightly to the right for better visibility. Above the
highest observed energy, the error bars provide upper limits
on the flux; these are less constraining than the upper lim-
its of [82] above 10 PeV. The thin lines show models for the
diffuse astrophysical neutrino background: the upper bound
from the total luminosity of EeV cosmic rays from [60] (blue),
the starburst galaxy model of [46] (green), and the AGN core
emission model of [40] (purple).
